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Lesson #2: glutamate receptors mediate a diversity of All eukaryotic cells face a challenge of maintaining the
integrity of their genome despite continuous exposure tobrain functions under physiological conditions; thus,
environmental and metabolic insults that damage DNA.pharmacological blockade disrupts these normal func-
Some of these chemical and structural DNA modifica-tions, resulting in a diversity of unwanted effects includ-
tions are particularly deadly. For instance, DNA double-ing impaired learning and memory, psychosis, and oth-
strand breaks (DSBs) can destabilize the genome byers. This raises the important question as to what normal
promoting mutations and chromosomal rearrange-brain functions might be mediated by ASIC receptors.
ments. This undermines cell viability and, on the organis-Interestingly, earlier work from the Welsh laboratory re-
mal level, may lead to fatal diseases such as prematurevealed defects in synaptic plasticity, learning and mem-
aging or cancer.ory, and fear conditioning in ASIC1a/ mice (Wemmie
Given the danger of DSBs, it is not surprising that aet al., 2002, 2003). This raises the possibility that neuro-
large number of proteins, integrated into complex func-protective drugs targeting ASIC1a must somehow se-
tional networks, cooperate to rapidly detect and elimi-lectively block this receptor under pathological condi-
nate them (Shiloh, 2003). But how is the multifacetedtions in order to be tolerated in humans.
DSB response “choreographed” so that each molecularWhile sobering, these practical concerns for devel-
“dancer” involved knows when to arrive on the stage,oping neuroprotective therapies should not diminish
how long and with whom to perform, and when to givefrom the impressive achievement of the authors: identifi-
way to those that are scheduled to follow? Amazingly,cation of a molecular mechanism by which acidosis con-
nature has provided cells with a score for a fascinatingtributes to neuronal destruction in ischemic brain tissue.
play called “DNA repair.” Although we have known someIndeed their work moves “acidotoxicity” to the center
of the “dancers” for quite awhile, only now are we actu-stage in analyses of molecular mechanisms of ischemia.
ally beginning to see the performance unfold in front of
our eyes.
Yangzhong Huang1 and James O. McNamara1,2,3 In this issue of Cell, Michael Lisby, Rodney Rothstein,
1Department of Neurobiology and their colleagues approach DSB repair from a truly
2 Department of Medicine (Neurology) challenging angle (Lisby et al., 2004). They study this
3 Department of Pharmacology and Molecular complicated process in its physiological environment—
Cancer Biology the nucleus of a living cell. Indeed, the cell nucleus
Duke University Medical Center may represent the “ultimate test tube” to validate other
Durham, North Carolina 27710 analytical approaches and create workable models of
how DSB response actually works. The intact nucleus
Selected Reading supplies all determinants for the physiological pace of
molecular interactions involved in DSB metabolism, and
Choi, D.W. (1988). Neuron 1, 623–634. it allows the natural interplay of the focal DSB repair
Rehncrona, S. (1985). Ann. Emerg. Med. 14, 770–776. and signaling with other, “pan-nuclear” processes such
Siesjo, B.K., Katsura, K., and Kristian, T. (1996). Adv. Neurol. 71, as those delaying cell cycle progression or regulating
209–233; 234–206. gene expression. It is difficult to imagine that even a
Tombaugh, G.C., and Sapolsky, R.M. (1993). J. Neurochem. 61, sophisticated in vitro approach could satisfy all these re-
793–803. quirements.
Wemmie, J.A., Chen, J., Askwith, C.C., Hruska-Hageman, A.M., Luckily, the utilization of the green fluorescent protein
Price, M.P., Nolan, B.C., Yoder, P.G., Lamani, E., Hoshi, T., Freeman, (GFP) has allowed unprecedented tracking of proteins
J.H., Jr., and Welsh, M.J. (2002). Neuron 34, 463–477. in real time and in their natural locations. And indeed,
Wemmie, J.A., Askwith, C.C., Lamani, E., Cassell, M.D., Freeman, the results of live-cell imaging have been gratifying, pro-
J.H., Jr., and Welsh, M.J. (2003). J. Neurosci. 23, 5496–5502. viding new mechanistic insights into complex biological
Xiong, Z.G., Zhu, X.M., Chu, X.P., Minami, M., Hey, J., Wei, W.L., processes. To sort out the order of events at DSBs
MacDonald, J.F., Wemmie, J.A., Price, M.P., Welsh, M.J., and Simon, in vivo, Lisby et al. combined the GFP technology with
R.P. (2004). Cell, this issue, 687–698.
powerful genetic manipulations in the budding yeast
Saccharomyces cerevisiae. They exchanged numerous
genes involved in DSB response by their replicas fused
to spectral variants of GFP, thereby preserving the en-
dogenous expression control, and studied redistributionWatching the DNA
of now “visible” DSB regulators in live yeast cells ex-Repair Ensemble Dance posed to ionizing radiation (IR, a known DSB inducer).
One could argue that similar strategies were applied
before (see, e.g., Melo et al., 2001), but what is so special
about the new study is the scale on which Lisby and
Repair of damaged DNA is a dynamic process that colleagues approached this task. The numerous yeast
requires careful orchestration of a multitude of en- strains generated during this monumental project al-
zymes, adaptor proteins, and chromatin constituents. lowed imaging of the DSB response in an unprece-
In this issue of Cell, Lisby et al. (2004) provide a visual dented breadth, from DSB recognition to homologous
glimpse into how the diverse signaling and repair ma- recombination (HR), the key mechanism to repair DSBs
chines are organized in space and time around the in yeast. And all this with an option to directly follow
deadliest genetic lesions—the DNA double-strand redistribution of the DSB regulators around the so-called
“repair centers,” the cytologically detectable nuclearbreaks.
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Figure 1. Temporal Order of Protein Assem-
bly in DSB Repair Centers
The budding yeast proteins (in blue), their
mammalian homologs (in red), and the main
function of a protein or complex (in italics)
are indicated. The corresponding order of the
key biochemical processes elicited by DSBs
is indicated below the arbitrary time axis (see
Lisby et al., 2004 for the real time values for
protein recruitment in S. cerevisiae). Asterisk
indicates the switch between engagement
of the Mre11/Rad50/Xrs2 and Rad52 group
of HR proteins in the DSB repair centers.
Whether interaction of the mammalian MRE11/
RAD50/NBS1 complex and RAD52 group of
proteins is also mutually exclusive and
whether factors similar to the yeast Sae2 con-
tribute to this process remain to be estab-
lished. Question mark reflects the fact that
mammalian cells likely evolved more DSB
mediators compared to yeast; the indicated
53BP1 and MDC1 proteins are among the
candidates to perform functions analogous
to Rad9.
foci that integrate and repair DSBs (Lisby et al., 2003). The next step is marked by, and critically dependent
on, the multicomponent RP-A complex that recognizesThe result is a fascinating insight into the “choreogra-
phy” of the crucial life-saving, evolutionarily conserved SS-DNA and thus arrives to the sites of DNA lesions
several minutes after MRX. The coating of the SS-DNAprocess (Figure 1).
The first issue that this work helps clarify is the DSB by RP-A protects these unstable DNA intermediates and
directs recruitment of the Mec1/Ddc2 kinase complex.recognition. By combined timelapse and genetic analy-
ses the authors show that the first activity to arrive to The Mec1/Ddc2 activity is then required to recruit Rad9
mediator together with Rad53 kinase that further propa-DSBs is the MRX complex, a heterotrimeric assembly
of Mre11, Rad50, and Xrs2 proteins. Although there is gates the DSB signaling to diverse molecular effectors.
Among other factors whose RP-A-dependent recruit-a hierarchy within the complex itself (Mre11 recruitment
depends on Rad50), the recognition of DSBs by the ment coincides with (but is independent of) Mec1/Ddc2
are Rad24 and the Ddc1/Mec3/Rad17 complex. All theassembled MRX does not require any other DSB regula-
tor. Instead, MRX is required for recruitment of Tel1 (the above proteins persist in the repair foci for several hours,
and although many features of these assemblies haveproximal protein kinase activated by DSBs) and likely
contributes to the initial nucleolytic resection of DSBs been described before, the present study is valuable in
placing them on a temporal scale relative to the up-to generate single-stranded DNA (SS-DNA) critical for
the subsequent protein assemblies. Thus, as predicted stream and downstream events (Figure 1).
Strikingly, the genuine DSB repair proteins are the(Petrini and Stracker, 2003), MRX emerges as a true
DSB sensor determining the timing and magnitude of all latest to arrive. The assembly of the HR factors around
DSBs is initiated by Rad52, which in turn determinesdownstream processes. This seems to be a conserved
feature of the DSB response, as mammalian NBS1 (Xrs2 recruitment of other HR components like Rad51, Rad55/
Rad57, Rad54, Rdh54, and Rad59. Interestingly (andhomolog) is needed for proper activity of ATM (Tel1
homolog) (Bakkenist and Kastan, 2004), and NBS1 also this is one of the novel findings of this study), the recruit-
ment of HR machinery temporally coincides with therecruits to DSBs astonishingly rapidly (Lukas et al.,
2004). disassembly of the MRX foci (Figure 1). It even appears
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that Rad52 recruitment terminates the “window of op- (2004) is modulated by epigenetic changes in the chro-
matin.portunity” for sensors such as MRX to interact (at least in
a cytologically discernible manner) with the DSB lesions. Live-cell imaging provides a new dimension to the
knowledge generated by biochemistry and geneticsFurthermore, the authors found that Sae2, a protein orig-
inally identified in processing DSBs in meiosis (Keeney and, as shown by Lisby and colleagues, “watching” pro-
teins in their physiological habitat can also open newand Kleckner, 1995), facilitates the Rad52-mediated dis-
placement of MRX from DSBs. So, there seems to be a and surprising questions and identify new phenomena
that would otherwise remain hidden in more conven-major switch in the DSB metabolism in terms of the
accessibility of its sensor and repair components. Al- tional “test tubes.”
though the purpose of such a switch (and the role of
Sae2) remains elusive, its identification paves the way Jiri Lukas and Jiri Bartek
to elucidate this key transition in DSB repair. Danish Cancer Society
While Lisby et al. provide so far the most complete Institute of Cancer Biology
temporal framework of the DSB-associated events, their Strandboulevarden 49
work (inevitably) also creates new challenges. For in- DK-2100, Copenhagen
stance, it is shown that while MRX, RP-A, and several Denmark
other factors could interact with the DSB repair centers
throughout the cell cycle, the recruitment of the HR Selected Reading
machinery is restricted to late S and G2 phase. This
Bakkenist, C.J., and Kastan, M.B. (2004). Cell 118, 9–17.makes sense as HR requires sister chromatid templates
for replacement of the DSBs. But what limits the access Celeste, A., Fernandez-Capetillo, O., Kruhlak, M.J., Pilch, D.R.,
Staudt, D.W., Lee, A., Bonner, R.F., Bonner, W.M., and Nussenzweig,of Rad52 to the RP-A-coated SS-DNA during G1 and
A. (2003). Nat. Cell Biol. 5, 675–679.early S? Is there an active mechanism that prevents
Essers, J., Houtsmuller, A.B., van Veelen, L., Paulusma, C., Nigg,illegitimate (and therefore potentially harmful) recombi-
A.L., Pastink, A., Vermeulen, W., Hoeijmakers, J.H., and Kanaar, R.nation events before the sister chromatids become
(2002). EMBO J. 21, 2030–2037.
available? Or does DNA damage in late S/G2 generate
Keeney, S., and Kleckner, N. (1995). Proc. Natl. Acad. Sci. USAhitherto unidentified DNA intermediates that cooperate
92, 11274–11278.
with RP-A to productively recruit recombination and re-
Lisby, M., Mortensen, U.H., and Rothstein, R. (2003). Nat. Cell Biol.
pair proteins? 5, 572–577.
Another unresolved issue is why cells tend to avoid
Lisby, M., Barlow, J.H., Burgess, R.C., and Rothstein, R. (2004). Cell
concomitant presence of MRX and HR proteins in the 118, this issue, 699–713.
repair centers. This study does not determine the dy- Lukas, C., Falck, J., Bartkova, J., Bartek, J., and Lukas, J. (2003).
namics of protein interaction with such centers, and in Nat. Cell Biol. 5, 255–260.
mammalian cells both RAD52 (Essers et al., 2002) and Lukas, C., Melander, F., Stucki, M., Falck, J., Bekker-Jensen, S.,
NBS1 (Lukas et al., 2003) undergo a dynamic exchange Goldberg, M., Lerenthal, Y., Jackson, S.P., Bartek, J., and Lukas, J.
(2004). EMBO J. 23, 2674–2683.between the DSB sites and the neighboring nucleo-
plasm. If such phenomenon exists also in yeast, then Melo, J.A., Cohen, J., and Toczyski, D.P. (2001). Nat. Rev. Cancer
3, 155–168.why can MRX and the HR proteins not coexist at repair
Petrini, J.H., and Stracker, T.H. (2003). Trends Cell Biol. 13, 458–462.centers in a competitive fashion, as proposed in current
models? Does this mean that the engagement of the Shiloh, Y. (2003). Nat. Rev. Cancer 3, 155–168.
HR machinery eliminates the structure(s) that the MRX
complex recognizes in the first place? Regardless of the
answer, the results in the present study caution against
interpreting the MRX disappearance from the DSBs as
a sign of a completed repair program. Wnt Signaling Went derailedFinally, recent studies of DSB-induced checkpoint
Again: a New Track viaevents in live mammalian cells revealed that although
proteins like Chk2 are firmly integrated in the DSB signal- the LIN-18 Receptor?
ing, its residence time at the actual DSBs is so short
that it never manifests itself as a cytologically detectable
accumulation around DSBs (in other words, it does not
form “foci”) (Lukas et al., 2003). This observation sets In this issue of Cell, Inoue et al. (2004) reports that
LIN-18, an atypical receptor tyrosine kinase related toa precedent that the microscopic appearance in the
mammalian Ryk and Drosophila Derailed, mediatesDSB repair centers is not the only criterion for an intimate
Wnt signaling in parallel to LIN-17/Frizzled (Fz) duringinvolvement of a protein in DSB signaling and repair. It
worm vulval development. LIN-18/Ryk and LIN-17/Fzwould be interesting to know whether such transient
appear to exhibit distinct Wnt specificity, and surpris-interaction modes exist also in yeast, and if so, what is
ingly, the LIN-18 intracellular domain may be dis-their biological significance. On the other hand, other
pensable.studies in mammalian cells showed that the sustained
concentration of numerous DSB regulators requires
phosphorylation of histone H2AX in vast regions sur- Wnt proteins are secreted signaling molecules critical
rounding the actual DSBs (Celeste et al., 2003). It would for animal development. While Fz serpentine receptors
be illuminating to determine whether and how the chore- have been established as Wnt receptors, other trans-
membrane receptors are beginning to share the lime-ography of the DSB repair described by Lisby et al.
